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Structural Dynamic Research Cooperation (SDRC) obtained FM
magnetic tape from Teledyne Engineering Services containing specified
stress records from three Great Lakes vessels: 14/V STEWART J. CORT,
14/V ROGER BLOUGH, and S/S EDWARD L. RYERSON. Under USCG contract,
SDRC was tasked to determine the damping value of the intervals from
these records. The intervals chosen represented periods of springing
aboard the vessels.

To determine a.relative "feel" for the accuracy of the results
obtained by SDRC, LT 14. D. NOLL, U.S.C.G. Office of Research and
Development, performed an evaluation which consisted
of a manual calculation of damping and logarithmic decrement from
associated quick-looks and a comparison of these with the results
obtained by SDRC. Although the comparison does not show complete
agreement, this evaluation does conclude that the SDRC analysis did
provide reasonable values and may be valuable for future data
reduction and analysis.
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Introduction

During the past two decades, vessel designs have made significant
advances which include increased speeds, reduced hydrodynamic resistance,
increased pay loads, and increased longitudinal strength. Great Lake ore
carriers have also made significant advances but with a special
restriction not felt by ocean-going vessels. The Great Lake ore carrier
has a maxinum beam (B) and hull depth (D) restriction due to physical
limitations of the locks at Sault Ste. Marie, Michigan. However, these
Great Lake vessels have increased in length to 1000 feet with an
appropriate lengthening of the locks by the U.S. ArnV Corps of Engineers.

Of Interest to the U.S. Coast Guard, the American Bureau of Shipping
(ABS) and the shipping industry is the longitudinal strength required of
these long, shallow ore ships exceeding 750' in length. As sham in
Table 1, the L/D ratio has increased from 18.7 to 22.23 giving rise to
more flexible ships. These vessels experience a phenaenon known as
"springing", a 2-node vertical oscillation of the hull structure, caused
by the wave encounter frequency matching and being in phase with the
natural frequency of the hull girder. The addition of springing to the
still rater and wave induced bending mnients may cause large
cross-sectional dynamic stress fluctuations. These increased stresses
and assoc;ated longitudinal bending nonts must be accounted for in the
search for a safe and effective longitudinal strength standard.

One illusive parameter In the study of springing has been the dmping
factor ( c ). System duping is a errbination of the hydrodynamic
daping, structural drping, cargo drping and the out-of-phase seavuy
domping. In order to determine the damping factor for Great Lake ore
carriers In general, stress recordings frm strain gauges mounted on
three ore carriers have been analyzed in the effort to determine the
dorping factor. The three vessels used were the M/V STEMR J. CART, M/V
l 0GR B0C.H, and S/S EDW L. RYESON. Table 1 lists the comparative
characteristics for these vessels. The stress records fran these vessels
have been recorded and analyzed with the results available in References
1,2, and 3.



1 BLE I - Vessel Characteristics

CORT BIDH RYERScI

IJ. (ft) 998.0 833 730
B (ft) 105.164 105 75
L/B 9.49 7.9 9.73
D (ft) 44.9 39.2 39.0
L/D 22.23 21.3 18.7
B/D 2.34 2.68 1.92
G.T.(tons) 32930 22041 12170
N.T.(tons) 29918 14114 7637
H.P. 14000 14000 9000
Yr. Built 1971 1971 1960
Omer Beth. Steel U.S. Steel Inland Steel

Background

In June 1977, Teledyne Engineering Services (formerly Teledyne
Materials Research) of Waltham, Massachusetts was contracted by the U. S.
Coast Cbard to transfer specified intervals of analog tape stress records
from these three vessels onto FM magnetic tape. These intervals were
chosen to represent high, medium and low springing stresses experienced
by the vessels during both the loaded and ballasted condition. The
intervals were chosen by the Coast Chard from the computer tables listed
in Reference 1,2, and 3. Tables 2-4 (Columns 1, 2, 3 and 14) provide the
listing of the intervals and mrximum peak-to-through (P-T) stresses which
Teledyne was contracted to copy over onto rngnetic tape. Tape Number and
interval number correspond to computer tables in these references. (For
exumple: Table 2, Tape No. "18", Interval No. "20" corresponds to same
Tape Number and Interval Nurrber in Reference 1, Appendix B, page 48).

Upon receipt of theFM magnetic tapes and the quick-looks from
Teledyne, Structural Dynamics Research Corporation (SW11) of Cincinnati,
Ohio was contracted to determine the range of damping values for these
specific intervals. SW_ took possession of the tapes and the
quick-looks for their damping analysis.

SW Determination

For each specific interval, SEWC supplied a table of estimated roots
and an associated damping power spectra. The tables of modal parameters
and the data plots are connected by a 1UR P-BcDE number located at the
top of the table and at the bottom of the plot (i.e. for pages A-I and
A-2, this number is IX + 2Y+). The BODE number before the Y refers to
the "ID" colum in the table of calculated damping values on pages A-3
and A-4. This allows the correct correlation with appropriate table and
plot. Appendix F provides a complete listing of all daping power
spectras submitted by 51110.
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Figure 6 (a,b,c) shows a plot of aimplitude versus frequency for the
OCRT, BLCXXH, and RYERS respectively, which illustrates how the flax
amplitude under this procedure can be used to choose the appropriate
damping factor. Notice that when all data is plotted as amplitude versus
frequency, two peaks appear. This ffey be misleading since the peak of
interest occurs at the known natural frequency for each vessel.

As mentioned before, the damping values calculated by SIM1 represents
the total system dwaping which includes hydrodynamic, structural and
cargo damping. The representative systen daimping factor and frequency
for the specific interval was chosen by picking the damping factor and
frequency that corresponded to the max amplitude of the associated power
spectrum. For exanple: the damping factor of 0.01247 chosen fron page
A-1 corresponds to a frequency of .3455 Hz. which corresponds to the max
amplitude of 0.4804E-03 shown in the table of estimated roots (pg. A-3)
and plotted on page A-2 (As mentioned in the cover letter fran S1
(Appendix B), the amplitude is in error by a constant factor).

In order to portray the complete picture at a glance, Tables 2, 3 and
4 were expanded to include other pertinent data such as ship course and
speed, wind direction and speed, wave direction and height, max P-T
stress, and etc. This data, extracted fran References 1,2, and 3, is
listed in Table 2, 3, and 4 to correspond to the (XRT, BI(1I, and

RYERSON, respectively. Parentheses used in the Tables indicate that the
data was extracted fram the last recorded entry in that column fran the
original tables in References 1, 2, and 3.

3
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Method of Analysis

The system of analysis utilized by SEW is known as MOIM (MODal
Analysis and Modeling System). The technique used to determine the
desired mdal parameter estimations was the multi-degree-of-freedom
(N=Z)F) curve fit to the frequency response data over a specific frequency
range. (see Appendix E for a brief description of a single d.o.f. system
used by ABS)

The algorithm used by SLRC is explained in Appendix B of this
report. This description gives the theoretical background for the
curvefit algorithm used to extract modal parameters from the response
spectra. This algorithm will work on spectra with no phase information
but results in an analytical function of frequency whose calculated phase
angle is essentially meaningless. Even though mDde shape coefficients
would also be meaningless, the imde shape evident in each graph is
damping dependent and therefore allows the determination of the damping
factor despite the lack of the phase information.

The basic concept behind the extraction of the damping values centers
on the assumption that the operating data consists of a system's response
to a fairly randam forcing function (fairly flat frequency of input).
The measured r4sponse can be strain, displacement, velocity, or
acceleration. The first two are used directly and the latter two are
converted to displacement data first. Since strain relates to
displacement directly, the MIDF technique calculates Alk (page 7,
Appendix B) fro a displacement/force function. Since SDRC assumed the
force applied wes a constant function of frequency, using F(w) = 1.0 lbf
for division in X/F did not affect the overall shape of the response
curves.

Using this method allowed SIJRC to establish the tables and
associated graphs for each interval specified by the U. S. Coast Quard.
The damping factor and frequency range chosen for each interval
corresponds to the max amplitude for the frequency range investigated,
specifically 0.01 to 1.0 Hz.

Analysis of SJIRC Results

The range of values supplied by SEW still raises the question of the
accuracy of their results. Determining the accuracy may be difficult but
determining whether or not they are in the "ballpark" would be highly
beneficial.

7



The damping value ( C ) calculated by SIM is the fraction of critical
damping where: d2g

and: c = d cping coefficient, tons-sec/in
cc = critical damping coefficient, lb-see/in

wn = natural frequency = -VT7i
k = stiffness factor, tons/in
m = mass, tons-see 2/in

Then represents a-certain ratio of e to cc to arrive at the
daping coefficient c where cc * 4 = c.

In order to determine a "feel" for the approximate magnitude of the
darnping values for the three vessels, a mechanical method was used to
determine the different springing parameters. This method utilizes the
filtered records fran existing stress records. It allows the
determination of the approximate damping values fron mechanical
measurements taken directly from stress records.

Suppose that a free transient has the following form:

X

Xt

Figure 1 - Example of a Free Transient

Miere: X(t) = Aplitude at time t, psi
= Initial amplitude, psi, at t=O

X1 = Anplitude after initial oscillation, psi
Xn = Amplitude after n oscillations
n = NunIer of oscillations
tn = Time for n oscillations to occur, see
td = Damped period, see
wd = Damped Frequency
wn = Natural Frequency

6



The free transient response for this system shown in Figure 1 is:

Xo(t) = X0  * e- t *( sin( -v" r 2 writ +

With the initial conditions being:

X(O) = X0

X(O) = 0

These initial conditions are used in the mechanical analysis because
the actual forces causing a peak condition is of no concern to this
analysis. The area of interest is the decay period of the record. Qnce
the peak springing stress is reached on a specific interval, the analysis
is measuring the rate of decay as the oscillations decrease in amplitude.

Fran the springing record, X0 , Xn , and n may be measured. Fron
these values the damping can be determined as follows:

X0  Xo(O) Xo(O) C

-.. .e * 2wn
Xn  Xn(tn) XO( n td) e!

and rearranging: lX= In

V C22-wfn Xnl

Mhen r < 1.0, then = 1.0. Therefore:
10x

_____=_ * n _ _ _ __(1)

2 wn Xn

Equation I Is the formula used to calculate the damping values found
in Table 5. Appendix C contains the stress records fron which the
appropriate measurements were made in order to calculate damping via the
mechanical method. Fron the same records the damped frequency ( wd),
the natural frequency (,W), the damped period (td), and the
logarithmic decrenent (8)ay be calculated via the following formulas:

wd  n Hz. = wn radians (2)
t n  tn see.

9



w 1 Wd Hz. (3)
-/1l- €2

Note: as per conditions for Equation 1, wd wn
tn

td - see. (4)
n

The term In XO/Xn from Equation 1 is often referred to as the
logarithmic decrement and is defined as the natural logarithm of any two
successive amplitudes. Since Table 5 lists the peaks amplitudes, X0 ,
and the a-plitude after n oscillations, Xn, the equation for the
logarittmic decrenent is modified to be:

I= 1 *In Xo (5)
n Xn

These parameters are calculate I frn the measurenents taken frm
Appendix C and the results are incorporated into Table 5. The areas of
measurement are enclosed by double rectangles and are nuibered to
correspond to the nunerical order In Table 5.

Logarithmic decreient nmy also be determined if the dumping value is
already known. The equation for 8 can be written in the simplified form:

= 2wc - 2wrC (6)

Equation 6 is an alternate method for determining 6 when C is known and
the stress records are not available for mechanical measurements as performed
for Table 5.

Canparison of Results

In order to provide a means of comparison between the SIE results and the
mechanical results, a program was written in BASIC to calculate the 6 , td,
the bending noment (94) from the data presented in Tables 2,3, and 4. A flow
chart,'the program data and the results are shan in Appendix D.

10



Table 5 - Dlwping Parameters Calculated fran Mechanical Measurenents

1 2- 3 4 5

X X n tn  Wd wn  td  1
ps I ps I (see) Hz. Hz. see/'y 6 Ref. *

GO]T 1 6206 2500 7 20.2 .0207 .35 .35 2.89 .129 C1:R9:14

2 2327 517 5 13.4 .048 .37 .37 2.68 .30 CI "

3 4913 2586 6 17 .017 .35 .35 2.83 .107 2 "

4 6465 1552 5 14.6 .0434 .34 .34 2.9 .285 C2 "

5 7758 1034 8 24 .040 .33 .33 3.0 .251 C3 "

6 7500 3879 4 12.2 .026 .33 .33 3.05 .163 C3 "

7 7241 1243 9 26.6 .0311 .34 .34 2.96 .191 C3 "

8 6350 2533 5 17.6 .0293 .28 .28 3.52 .184 C4 "

9 11200 1867 18 52.7 .0158 .34 .34 2.93 .099 C5:Q-L

10 1917 800 6 17.6 .0232 .34 .34 2.93 .146 C6:Q-L

BIOUGH 11 6600 1000 12 30.0 .025 .4 .4 2.5 .025 C7:R2

12 9250 2434 7 15 .0304 .47 .47 2.14 .191 C7"

13 5780 2720 6 16 .02 .38 .38 2.67 .126 C7 "

RYIRSW 14 (.28) ------ 7 12.5 .0289 .56 .56 1.79 182 C8:R3

15 (.47) ---- 5 9.0 .0240 .56 .56 1.80 151 C8

* Reference Code C - Appendix C of this report
CI - pg. I of Appendix C of this report
R9 - Reference 9 (page 19)
14 - pg. 14 of Reference
Q-L - Quick-look

S*Nmrbers in parenthesis is % with X0 being
unit I and Xn being a fraction of X0.

11



The locator code in the caputer output refers to Tables 2,3, and 4.
For example: the first locator code in the computer output (page D-4) is
"CHSL*lB*20". This refers to Table 2 meaning "OORT-High Springing Load,
Tape #18, Interval #20". In this way a direct connection may be made
between Tables 2,3, and 4 and the emputer output. The equations used
for the calculations of the variables in the program are located on page
D-2.

Using the output from the computer, Tables 1 - 5, and the URC
results, a carparison was performed to see how close all inputs agree.
Figure 2 is a plot of 6 versus t . The "Key" differentiates between
the SE results and the mechanical results. Since C is small (i.e. <<
1.0), it was expected that the data points would lie on a straight line
since a is directly proportional to € as per Equation 6. The numbered
points on Figure 2 correspond to the sequential numbering fram Table 5.
Generally the mechanical results plotted linearly with the SRC results
but gave higher values of t . This could possibly be explained by the
lack of more information on the actual sea state existing at the time of
stress measureents. Table 6 below gives the relative carparisons
between the two results.

Table 6 - Comrprison of SE Results with Mechanical Results

sow Mechanical 7
av * 100

Range of Avg. Range of C Avg. Mech. avg.

(MrT .00611-.0246 .014 .017-.048 .029 48 %

BLIDUCI .0103-.0248 .01916 .020-.0304 .0251 76 %

RYERSON .00337-.00745 .00480 .024-.0289 .0265 18 %

As can be seen frm Table 6, the differences in the calculated damping
factors are quite pronounced, especially for the CORT and the RYERSON. At
first inspection, this would tend to invalidate the SE results. However,
despite the observed differences in Table 6 and Figure 2, an examination of
frequency versus damping yields an interesting results.

Figure 3 is plot of w versus using the results from SEW. The data
points for each vessel are enclosed within a dashed line. Frm Table I it may
be seen that the OrT has a higher L/D ratio (22.2) than the other two vessels
and this would tend to make the OIRT more "flexible" than the BLJOXH or the
RYFRSN. This in turn would cause the CORT to have a lower springing
frequency than the BLOUGH or the RYERSON. Since the RYERSON has the lover
L/D ratio of 18.7, it would tend to be a stiffer ship and show a higher
springing frequency. These observations are shown in Figure 3. The
approximate springing frequency for the CORT is 0.32 Hz. despite the loading
condition and despite the stress levels seen. By reviewing the original
stress levels, the Low Springing Ballast case for the CORT is approximately

12



one-third the levels in the High Springing Load case. (See Table 2)
This is an important observation illustrating that exciters that would be

used for establishing the fundamental mode of hull vibration (springing)
would not have to generate peak stress levels. The box girder of the
vessel would still spring at approximately 0.32 Hz. The damping would be

measured mre accurately since the out-of-phase seaway damping would
essentially be eliminated.

Figure 4 is a plot of damping versus frequency as calculated in
Table 5. The numbered points correspond to the sequential nuzbering in
Table 5. The enclosed dashed lines represent the ShE] results in Figure
3. As shown, several points are outside the representative areas but the
corresponding points do correspond to the same frequency as depicted in
Figure 3. Conparison between Figure 3 and Figure 4 illustrates this
notable point: using only analog stress records (digitized by Teledyne)
during periods of vessel springing, SERC developed a list of dawping
factors and associated frequencies at springing which matched "fairly"
well with a mechanical analysis from apparently disassociated springing
records (Appendix C) and agrees with the known natural frequency of each
vessel.

The unknowns in both analyses are (1) the components of the total
damping, (2) the method and distribution of seaway loading on the vessel,
(3) the out-of-phase/in-phase characteristics of the seaway with the hull
response, (4) understanding of the full complexity of the hull structure,
and (5) more accurate and complete description of the sea conditions
(i.e. wave height, wave length, wave direction, wind parameters, and
actual loading conditions). With this as part of the total
consideration, the results fran SE are very encouraging despite the
differences calculated in Table 6.

As one final attempt for correlation between the two methods, the

progr F in Appendix D also calculated the bending noent, B, using both
the P-T stresses of each vessel from Appendix A, but also using the mx
stress, Xo , fran Table 5. The calculated BM was plotted versus the
damping factor. The plot is shown as Figure 5.

The values of [M calculated by Appendix D are shown in Colum 6 of

page D-4 of Appendix D. The values for BM from Table 5 are shown in
Table 7. The IM was calculated by:

BM = V! * y Fr-Tons
12 * 2000

where: wr = total bending moment ft-tons
94 = section odulus, in.i
a = stress, psi

12 = 12 in./ft.
2000 = 2000 lb./ton

13



Table 7 - Calculated Bending M.4ents frao Initial Stress of Table 5

1. 6206 PSI 23833 Fr-
2. 2327 " 8986 "

3. 4913 " 18868 "

4. 6465 " 24828 "
5. 7758 " 29794 "

6. 7500 " 28800 "

7. 7241 " 27808 "
8. 6350 " 24386
9. 11200 " 4301210. 1917 " 7361 "

11. 6600 " 16500 "

12. 9250 " 23125 "

13. 5780 " 14450 "

The W used for each vessel is shown on page D-2. Since the RYERSON
worked by relative values of Xo and Xn, no EM! was calculated. The
calculated values for each vessel as per the SEWiC results were boxed in.
The DA's calculated in Table 7 were overlayed with the numbered points
corresponding to the sequential nuTbering in Table 5 and in Table 7.
There appears to be "general" agreement but there appears to be no
conclusions that can be derived frcm this plot. The plotted points would
be in better agreement if the darping factors were in better agreement.
Therefore, the points for the BIUXX show good agreement since the SENRC
results are 76% of the mechanical results. (see Table 6) One final
canent on Table 6: just because the results show better correlation of
the SIRC results with the rmechanical results for the M/V BILXXH does not
mean that a better analysis was performed on the BLOJG or that better
records were achieved or that springing was better identified. The only
conclusion that can be dram as result of Table 6 is that the caparative
springing records in Appendix C rmy have rmre closely resembled the
BLOXK records used by SERC. The sea conditions ffay have been closer to
being the same. There is nothing to say that if different springing
records had been chosen for comparison, the (lET or RYERSON results may
have proven to give the best comparison with the SIRC results.

Conclus ion

Considering the informtion that SWRC had and did not have, the
results of their analysis is very encouraging. The damping values
provided are a conbination of structural damping, hydrodynamic damping,
cargo damping, and out-of phase seamy damping. The data provided by
SFC nay be used for further analysis. In order to arrive at the true
structural damping within a vessel, an exciter capable of producing
springing nay be needed in order to eliminate so tmny of the unknowns
which have caplicated this analysis. The sign and operation of such a
device presents its own difficulties in the form of unknowns,

assumptions, and feasibility.

14
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II .,,al I ',..s Rese, ch Corporation
'29 .ji '%Viv

(;i '-,nnai hi o 45227
5i3- 27 2-11(,) TWX 810-4G1-.615

August 15, 1977

Lt. M. Nll
Commandant (G-DSA/TP44)
U.S. Coast Guard
Washington, D.C.

Subject: Results of Springing Damping Analysis, SDRC Proposal No. 6704-01; Your RFQ No.
G-FCP-13/C22/77.

Dear Mark:

Attached you will find:

1. Table of calculated damping values.
2. Tabulation of modal parameters from each curve-fit
3. Plots with superposition of data and curve fit
4. Theoretical background for curve-fit algorithm

There are a few comments I would like to make concerning the interpretation of results:

1. The curve-fit algorithm used on this data to extract modal parameters is briefly described
in the attachment (4). The form of the data we curve'fit was PSD, of course, not transier
functions. Hovwever, the data was assumed to be a transfer function where the force applied
was a constant function of frequency, F(w) = 1.0 lbf so that division by this to get X/F
(actually strain/force, which is not an important difference here) will not affect the shape
of the curves.

2. The algorithm we use to curve fit transfer functions will work on spectra with no phase
information. The result is simply an analytical expression as a function of frequency whose
amplitude is in error by a constant factor, and of course the calculated phase angle is meaning-less. Thus mode shape coefficients calculated fiom a power spectrum would be meaningless.
The damping on the other hand does not suffer from the lack of phase angle. As the super-
imposed plots show the overell shape of the curves, which ace damping dependent, are correct,
but the plot must be shifted up or down the vertical axis to obtain the correcl amplitude. The
constant by wh'ch the curve is in error depends upon the frequency of the most dominant
peaks, so not all the plots show the same amplitude error.

3. The Hilbert transform is used to calcualte a phase angle from a power spectrum as a function
of frequency. The inclusion of the phase angle data with the amplitude data in the curve fit
allows exact amplitude correlation between transfer functions calcualted trom the curve fit
parameters and the original data (see Figures 1 and 2). However, as the enclosed plots show,
the visual correlation can be Ore v.ry well by comparing the shapes of the two curves.



Lt. M. Noll
August 15, 1977
Page Two

4. The reason the Hilbert transform was not utilized in this project is that hardware problems
with the computer were inhibiting a function required in the phase angle computation. For
expediency, I elected to proceed with the data reduction rather than await the correction
problem. The algorithm for curve-fitting was checked out on other data prior to reduction
of the Coast Guard data to verify the hardware problem was not interfering with its opera-
tion.

If you need more information, or have any questions, please contact me.

Regards,

R. Gene Smiley
Project Manager

RGS/dh

Enclosures
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AP.P..DIX A - -TM!C3-!T!...-,..,. ZA AC: R3 U .'D -

The theory behind modal analysis via frequency response functions !

can be examined by referring to the equations of riotior for an

N degree of freedom system with viscous dampings

+ [C][ + [q _ (1)

where

[WI] = mass matrix

[C] = viscous damping matrix

[K] = stiffness matrix

Eq] = time history of the displacement of system

[Ef] = time history of excitation to system
[.] = time history of velocity of system

[4] = time history of acceleration of system

This equ.ation is inconvenient to handle with standard methods of

eigenvalue analysis if [C] is not proportional to U:.:] or UK].

However, a method has been proposed by Duncan (!)* which reduces

these equations to a standard eigenvalue form. in this methcd

combine the ident.ity:

]]- U][s] = [O]

with Equation I to obtaini

M][C]) £a] [0][2K] q] O (2)

Represent this equation in the following manner:

[A][,] + [_B]y] -z] (3)

*'Iumbers in parentheses designate references at end of se:7-on

USER MAIUAL C 22-DE-C-75)
SDRC-Tlme/Da"ta '1o'ial Analysis an- Modeling Syste-



"whe re

=-Eqi]rzi:[I3 k '1

in order to find the solution 7oE uation 3 for the case of harmonic

inputs, first consider the solution to the homogeneous equatior.

found by letting [z] . [o]

[A]E] 4 [3][y] = [0] (4)

Seek a solu.tion of the form Cy].= [Y]e st

therefore [$. = s [Y]e st

Hence, Equation 4, becomes,

sA][y] + [B]y] .= [0] or

[B] + sEA]] Cy] = [o]

This set of equations only have a solution if the determinant of

the coefficient natrix is zero.

det {L3 + sA C

This leads to a set of 2N roots or eigenvalues sI, s2 . s2n,

which satisfy the above equation. For a resonant system, these eigen-

values will occur in conjugate ;airs (2). Correspcr~din. to e-ach

eigenvalue s r , there exists an eigenvector Ckpr] havin& 2,'i compon~ents

satisfying the fol-owing equations

[CB1 9 urEA] CC](5

In the case where the eiren-ralues of a system are complex. in ",vhi:h

USER MANUAL (22-SC-75)
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case they occur in conjugate pairs, the eigenvectors will be

complex and will also occur in conjugate pairs,

The above elgenvectors have important orthogonality conditions

which can be easily shown. Consider the rth and pth eigenvectors

[pr] and [11P] both of which satisfy Equation 5. First write

Equation 5 for the rth mode and premultiply by the transposed

vector L V]T to obtain,

E1PpJTCi]Cr]_s 1AYqr]=1 (6)

Using the reversal law for transposed matrix products and re-

calling that CA] and [B] are symnetric matrices, transpose

Equation 6 to obtain,

C Tr]T [B][ TP]+sr[ pr]TEA]E P][O (7)

Next write Equation 5 for the pth mode and premultiply by [P r]T.

[E~3T CB]CL P]+s[ T r]TCA]J -3=O] (8)

If Equation 8 is subtracted from Equation 7, the result is,

(,r-sp) TJ]TCA]C' p] = 0

If eigenvalues ar and sp are different, the following orthogon.ality

property relates the two eigenvectors.

[ir]T[A][%JP] - 0 (9)

A. follows that these vectors are also orthogcnal 'th reszect

to matrix []

[TrTB]VP] = 0 (10)

USER ,AWAL (22-DEC-75)
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Equations 9 and 10 are imnpor-tant orthogonality conditions wrhich

shows that the 2N vectors Ei]form a linearly independent set,
and therefore any vector in 2N spacg can be expressed as a

linear combination of these 2N' vectors. Since we are interested

in frequency reSDonse information, let

and seek a solution in the form:

[Y(t)J =Y ey eiOt .(12)

Substitute 2quation 11 and Equation. 12 into Equation 3 and

divide by ej c4t to obtain:

j'wEA][Y] + = EzJ. (13)

Since the ei;,erivectors defined by E "On. 5 form a linearly
indepnden set over 2N space. write the sclution to Euto

(13) as a linear combination of these 2N vectors

r=1 (14)

Substitute 'Eaumtion 14 into Equation 13 and multiply by [~p]T

to obtain:

jCJE'1''LLA1 -]r

r=l r=1

From the orthogonality con~ditions, we obtain:

w a (~) - b .0 M. ,3~ (15)
where

ap P ELD p]TLA]CEppJ
b EiTPJTLB',C1jEp]

USER MAN4UAL (22-DEC-73)
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Xen-e, we can solve Equation 15 for p to obtains

P= Jwap bp (16)

Substituting Equation 16 into Equation 14, 'me obtain:

EY] -+ b (17)
- ar r

However, from Equation 7, we obtain

br + 8r ar = 0

or = -br
ar

Therefore, Equation (17) can be written

2N [Tr]TEz][ir] (18)

[] - ar(J _ Sr)

Frequently the complex eigenvalues sr are written in the

following form,

Sr= r r - r i.. r

where

r = dar;ping ratio

Cir = undamped natural 
frequency

In terms of [Q] and [F], Equati.on 18 becomaes,

[~Q]2t; EiTr)Tr[0]P~r]

Q r=1 ar(i w - jr °r- i

Therefore the frequency response function recorded froin excitation

applied at location k and response monitored at localion i is3

USER MANUAL (22-DEC-75)
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(A-6)

2N rJ tpJ

r=1ar(j 14+ -*for i4r I r

Since the elgenvalues occur in conjugate pairs, Equation 19

can be written as
N k r .

r=1 ar + + 2J

Tlk T 2(20)

rj r +. r -j dr'-gr)

Equation 19 is an extremely valuable relationship between

Frequency Response Functions and modal characteristics. It

relates moton at any point i due to an force at point k.

Notice that equation 19 implies that the frequency response

between response at i" and excitation at k is the same as the

function between response at k and excitation at i. Ecuation 19

is frequently written in the form:2?f2Y- A r N A AT *
.di i = F ik + Aik (21)

__ __ ik-
r=l (s - s r=l (s-sr) (s-s*)

where rr

Ak = Resdue at po'e sr(i.e. T I'Sar

The impulse reszonse of the system can be obtained from Equation

21 by perforni;ng an inverse transform to obtain:

2;'1
Hk(t) -- 1k

r=l

USER MANUAL (22-DEC-75)
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Since the roots occur in conju.te pairs, Equation 22 can be

written in the form,

2 e± ire (r t COS[( 4) Sr2*r -1P (23)

r=l
where

ik A

Equation 23 indicates that the impulse response of the system

can be represented by a summation of the number of damped

cosine waves times the appropriate modal parameters.

The multi-degree-cf-freedom (1DCF) curve fitting procedures

in the modal analysis program calculates the value of Ar

in the abcve equations. Therefore, in the case ahere Arik

was determined from a displacement/force frequency response

function, the value of a- can be determine'd from the equation,

Tr = Ar

ik
where

Aik is determined from a displacement/force function.

In the case where a velocity/force frequency response function

was curve fit with the 1.:DOF prccedure, the parameter ar is

determined from the follot-Lingz

ar=- r xjCJ3 r

Aik

*,.here: c., is In the units of rad/sec and

AF determined fron a velocity/force functionAik

USER MAIUAL (22-DC-75)
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Similarly, if an acceleration/force frequency response function

is used, ar i determined from the equations

ar r r
Aik

where

Car is in units of rad/sec and

Ar is determined from an acceleration/force funcTionik

If an analytical model is to be created from the test data,

the parameters ar '  r tr and sr are all that is necessary

to describe the component with complex normal modes. rHowever,

in some cases an analyst would like to use a "real" mode

approximation aith the associated effective mass or effective

stiffness in order to describe the component under test via

......... the -folloviing equation,

=ik =  k (24)

In that case it is recommended that this approximate representa-

tion be determined by setting the magnitude of the mode shnape

coefficient equal to the magnitude of the complex mode shape.

value and the sign of the mode shape coefficient from one of

the following procedures:

1) .:nverse of the sign of the imaginary portion of the node

shape coefficient -,hen a diszlacement/force frequenc-;

USER MANUAL (22-DEC-75)
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response fu.nction is used to determine the node sh-apDe

coefficients.

2) The sign of th. e real portion of the node shape coeffi-

cient when a velocity/force frequency response function

Is used to define the node shape coefficients.

3) Sign of the ima~ginary portion of the mode shape

coefficient when an acceleration/force frequency

response function is used to determine the mode shape

coefficients.

The effective mass necessary to approximnate the a ctual. frequency

response with that described by Equation 24. can be determined

from one of the following equaations:

(Approx. 'i'f)(Apjprox. qZr)
M r2 COrj AFk

where AY. is determined from a displacement/force functic:

(Approx. r)-'pp.rox. jr)

wher Ar is IA determined fromi a velocity/force function

(Avnrox. r.i rx
1r =2 Ar r~o.'k

I iki

where AF is determinzd from a acceleration/force furncti-S

In order to re~rese. a component in an overall systen node

via a "real" mode apzroximation, the -following approach can

Mnl.tl Analysis User Manual (3-JAII-77)



trequent4.ly be used. The uncoupled equations of motion for

the component in termt of modal coordinates )area

ch 2, 'j+ j W [c I+ £~k..J C) I * CF. I
where C n..) is a diagonal matrix off effective masses

D c,]J is a diagonal cat1rix of effective dampness

E~k.) is a diagonal matrix of effective stiffnesses

The motion of the physical coordinates [Q] is related to the

motion of the modal coordinates by:

[QI ] 11[6
Symnbolically. this can be represented by the followin; diagram%

Remainder of Structure

Structural (0
Coordinates 19

Modal IQ (Q3-i [NO
Coordinates 9. -TI

72 7

' 2  '

Therefore, a conponent can b.e represented analytically fr-omn test data

in an overall system model by a set. of springs, masses, dampers a-nd

equations of constraint which relate the motion of the ;hysical coor-

dinate. to t-he motion of the modal coordinates. Since the equations

of constraint can be quite volum-nous, the XASTIR:X in~put and *..A?%i1X

3eneration task provides the capability to generate tNAs:%L; ~.li~i

Constraint (.PC) equations: in a relatively automatic mar-ore

Mor~ql Anilysis User '4jq1 C3-JAi1-77)



'he frequency resPonse in a specified ran-Se can be aP~rox-

imately described in terms of the following quantitiest

1) "Residual Inertance" of the modes of vibration

below the rangEe of interest.

2) The modes of vibration which are resonant in the

specified frequency range.

3) "Residual Compliance" of the modes ot'vibration
above the range of interest.

Mathematically this can be expressed ass

X 2N qrT
H ik k +

r=1 a( jW+&aC- + I ± r47

This concept is shown graphically in the following fIg-uresi

IA I

41. 1
of Ifltom~t

The 300? ard Xcrefitting procedures a',a.-lab2.e In the

Est~mation task are used to evmlua'6e tae c c n Ir u tion duez -:c

the modes wh,,ich are resonant in, the frequency range u.nder

investigation. .n order to determine the ccntribu:;_3n of the

resIdual offtets the Generate Residual command In th,*e ?Frecu-.enzy

Reuponze Synthesis task is used.

USER MANUAL C 22-DEC-75)
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7 he frequency response in a specified range can be approx-
imately described in terms of the following quantitiest

1) "Residual Inertance" of the modes of vibration

below the range of interest.

2) The modes of vibration which are resonant in the

specified frequency range.

3) "Residual Comoliance" of the modes of'vibration

above the range of interest.

Iathematically this can be expressed ass

Xik + ? k +
Hik = --- a -+-r - + i j ) ik

r r r r r

This concept is shown graphically in the following figures

7i

'! I !,A ll l l 1 I A:asil 2.:ol :1
'Lu 1 -Inertar.ce

1--------__ . -, -- __ _ _

- - --- ,I '____. ' I .- ',. ,- -- -- _-_.-T -- -F- s p on

of Int.e,,:

The 3DO? and 4,;DCF curve fitting procedures av'ai-able in the

-atiation task ar r used to e .lua'te the ccntrb ution due c

the modes which are resonant in the frequency range unde-

investigation. 7n order to determine th- ccnri'cu-,n of the

residual effects the Generate Residual command -n t" e ? een y

Res.onse S nthesis task is used.
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APPENDIX C

fthnical Analysis Data
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APPENDIX D

Basic Program plus Results



RVA
(l3b*lj'9,,WP-T psi)

IF 1 54,
no

t 3

L

rF 0

LCULA E 02
(log- d

ET F CORT
3 6

IF L

F RYERSON
3 42106

F L 38
fto

SIT F a 2.5 LOUQ4
S a 60000

ALCULATE D3
am riod

LCULATE: m
(bending womwnt

Plitir 141



-D2-

Program Variables

D2 : Logarithmic decrement - - 2 v

I : Natural frequency - v. - 2 rad/sec for CORT
- 3 rad/sec for RYERSON
- 2.5 rad/sec for SLOUGH

S : Section Modulus (in3) - SM = 96169 for CORT
- 42196 for RYERSON

60000 for BLOUGH

D3 : Damped Period - td "
V*

ap-T
N : Bending Moment B EM - SM * 2

12 * 2000



- D3-
10 01M D0l00,4),7*64f,1)$(100)64
20 INPUT L$,tl
:0 FOR lal TO N
40 REiAD D$(I),O(1,2),D(I,3),D(I4)
50 NEXT 1
60 PRINrusING 61
61i X LOCAIUR CODE DAMIPING FREG LOG. DEC DAMPED PERIOD 8.11.
62 PRINIUSING 63
63 1 FACTOR (HZ) (SEC) (FT-TQ.J3
70 FOR L1l TO N
80 M1=2
100 IF D(L,PI)u0 THEN 155

12 0-~
121 S=92169
122 IF Lrl9 )HEN 130
123 I 3
124 ti=42196
12 1F L<283 TIKEN 130
1~t F=2.5
127 b-60000
130 V3De/(FuDL,M))

141 X. #U#4 ,44t# #.#1"##4 . #.##### #.#
150 GOlD 160
155 FRIrJTUS14-4; 156,DS(L)
IS6 z. --------e ------ - -- - - -- - - - -

160 NEXT L
1?'0 END
180 DATA CHSL*18*200,.018,.29,146
190 DATA-~
E5, .:-44,20306
800 DAA

210 LOArA

.00719,C8d,4335
22~0 LATA "CU,.Et'40'iO',.0122,.3-1,Sl79,'CLSBENlO--o7'..o2C,J,.31,43s-E,"CL:E*i9*Es,.O

&21 DATA

6 OOe, 0074S,5 .ST Y',

223 UATA 'f~A-*0 Q0,Sj.032
.003V,.57,64, -c(i*'4-I-A17 , .0uj475,.S7,7?910
224 DATA
05a4,.44,4300
2LS DATA

f2t) DATA 68fif *1*51 ,0,0,*HL*3*S, .0171,.33,93, DB0R*3u.074, 4.2

ie7dd ATA ~10



-D4-

FACTOR (HZ) ( SEC) (FT-TONS)
CHSL*18*20 0.018000 0.29 0.11517 3.199 2.8!6E+*4
CHSL*l*;13 0.012500 0.33 0.07953 3.181 0.OOOE+00
CHSL'20*28 0.024600 0.43 0.15846 3.220 2.349E+04
CHSB*15*02 0.012500 0.34 0.07953 3.181 3.899E+04
CHSb*15*2E 0.018100 0.34 0.11552 3.199 3.161E+(,4
CHhib*'1*24 0.014600 0.30 0.09309 3.188 3.C47E+04

CMSL*20*03 0.008640 0.28 0.05092 3.167 1.756E+04
CMSL 20*01 ...............
CMSL*19*0S 0.003280 0.28 0.05245 3.167 1.834E+04
CMSB*15*3D 0.016700 0.35 0.10671 3.194 2.092E+04
CMSB*15*06 ----

CMSb17*2Y 0.006110 0.32 0.03262 3.160 1.852+04
CLMk*17*31 0.013700 0.28 0.02727 3.185 7.651E+03
CLSL*06*12 0.017300 0.28 0.11061 3.196 7.555.*03
CLSL4O8I;e 0,007190 0.23 0.04550 3.164 8.324E+03
CLSB*09*10 0.012200 0.31 0.07760 3.180 9.944E03

CLb*10*07 0.020300 0!31 0.13019 3.206 8.414E+(,3
CLS4I* 1S;d 0.015100 0.30 0.09633 3.1S9 8.232+03
RHLt*-1 l Q.+Q463 0 .b 0.02049 2.104 1.037E+ C
RHL*4-2*1 0.004550 .0.56 0.02S71 2.103 B.002E+03
RHB*5-1*12 0.004330 0.57 0.02732 2.103 1.1792+r
Rti*5-1-113 0.005140 0.57 0.03246 2.105 1.109E+(14
RHB*5-1*15 0.005790 0.57 0.03r52 2.106 1.227E 04
HH645-1*16 0.0052,P0 0.57 0.03297 2.105 1.037E % 0
RML*S-2*19 0.005390 0.E6 0.03404 2.105 6.637E+03
kML*-2 0.007450 0.56 0.04716 2.110 6.795E+06
RMA.• 5-239 0.003950 0.57 0.02491 2.102 6.232E+03
kI b4 -1* 0.004050 0.58 0.02555 2.102 5.271EIE+03
RiI *4 -i,1i 0.003620 0.58 0.02222 2.102 5.1S62+03
HM614-1*15 0.003870 0.57 0.02441 2.102 5.749[+03
RMB*4-1*17 0.004750 0.57 0.0299 2.104 6.979E+03
NLL*6-1'B 0.006250 0.5? 0.03951 2.107 3.929E+03
RLL*6-1*9 0.004950 0.56 0.03125 e.104 3.859E+03
HLL*6-1*10 0.005240 0.44 0.03309 2.105 3.780E+03
RLBl-1*21 0.003590 0.58 0.02263 2.101 3.665Z+03
HLU'1-1*24 0.003360 0.59 0.02118 2.101 3.322E+03
RL*1-1*O -- ---- --- - -
bHL*1bl - ---

BHL*13*50 0.017100 0.38 0.10931 2.556 1.353E04
b H*o* 0.017400 0.42 0.11126 2.557 2.5032+C4
BHtl13 45 0.023200 0.39 0.14923 2.ST2 2.034E404
B~ol R*:l 0.033000 0.39 0.21442 E.599 1.778E+04

SML*13k 52 0.030300 0.38 0.19632 2.591 9.476E+03
iML*13*53 0.024800 0.37 0.15978 2.577 7.463E+C3
BML*13;47 0.012900 0.38 0.08146 2.S45 8.862E+03
MBi*13*3 0.014300 0.41 0.09115 2.549 1.340E+04

BM8*13,5 0.022700 0.40 0.14594 2.571 1.325E+04
bMt*I#24 0.012000 0.41 0.07631 2.543 1.263E+C4
BLL*13*46 0.00200 0.38 0.12953 2.565 S.573E+03
LL*13*43 --------.---- ---... -----

BLL*13*qS 0.010300 0.31 0.06539 2.539 4.721E+03
BLb*8R*2 -- ------- ----
bLbM84*38 0.011700 0.43 0.07438 2.S43 5.052E+C3
ILB*I3NI 0.018400 0.42 0.11777 2.560 5.1368E03
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American Bureau of Shi~ping letter



/YNC/bv

23 January 1979

Lt. Mark Noll
Department of Transportation
U.S.Coast Guard (G-DSA-l/TP44)
Washington, D.C. 20590

Dear Mark:

We have received the package containing a sample copy for
the purpose of transfer of fund and your report "Evaluation
of SDRC Damping Analysis" dated 18 October 1978. Matters
regarding the feasibility study are now being handled by
Dr. D. Liu, our Chief Engineer. I believe he has discussed
this matter with you on the phone already.

I would like to offer some comments, as you so requested, on
the SDRC work and your report as follows. I believe that
the SDRC work and our efforts (hereby abbrieviation as ABS'
work for easy reference) on analyzing the damping coefficient
through the use of sea trial data (stress history) are based
on the same principle, a happy coincidence. There are, however,
major differences as noted below:

(1) SDRC uses a multi-degree-of-freedom system and ABS uses a one
d.o.f. system. It is believed that the inter-modal cor-

relation in the power spectrum is neglibible with the provision
of (2) as a safeguard.

(2) We employ partial spectra based on a concept proposed
by Vanmarcke (OTC 1971) rather than the full spectrum.

(3) ABS' work also incorporate the equilibrium branch of
a wave spectrum which is assumed to be inversely proportional
to the fifth power of frequency. This is also a departure
from Vanmarcke's original idea.

(4) Since the power spectrum transformed from the stress
time-history is expressed as blocks with constant ordinate
within a frequency cell (bin), the fabricated spectrum should
also be in the same form as in the case in our analysis. Our
matching criterion, as proposed by Vanmarcke, is to have the
quantity p of the fabricated spectrum to match that of the
measured spectrum where

p = 1 - ml 2/(m m

TELEPHONE 212- &0-0300 CABLE ADDRESS 'RECORD"TWX" 710 5el 3089 TELEX ITT 421966 RCA 232099 WUI 620353L - .: l ../1-'' T:
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TO Lt. Mark Noll DATE 1/23/79 'IL REF

Department of Transportation
U.S. Coast Guard

and

m i = ith spectral moment.

In pursuing the curve fitting, the damping coefficient as well
as the resonance frequency (not necessarily equal to the
central value of the frequency cell) are regarded as variables.
In doing so, the two spectra will have the same zero, first
and second spectral moments.

We have employed 542 intervals of the "Cort" data set (1973
season) from which one value of the damping coefficient is
obtained for each interval and the resulting histogram is
shown in Fig. 1.

It should be noted that not all results are reliable. Some
intervals have spectral ordinates so small that they are
nothing but small ripples in the power spectrum (no springing).
For this reason, cutoff values for the RMS value (square root
of m) have been used and the resulting mean and standard
deviation of the set of results are shown as functions of this
cutoff value as displayed in Fig. 2. As a result, those
unreliable intervals are screened out as the cutoff RMS value
increases and both the mean and standard deviation exhibit
stablized trend. In this figure, the curves labeled as
"C S 0.039" represent further screening of elimininating
the unusually high values of the damping coefficients which
amounts to less than 5% of all intervals computed. It is
evident that the damping coefficient is virtually independent
of the stress level as the "stablized" portion of the curves
indicate. It suffices to apply this conclusion without limit-
ing it to the high stress samples since only the cases of high
springing stress are of interest.

It is apparent although the number of intervals considered in
the SDRC calculation is very small compared with our sample
size, that the mean value of their results as well as the
spread agree very 4ell with our results (i.e., mean = 0.0145,
standard deviation = 0.0045).

As indicated in your report, results obtained utilizing the
logarithmic decrement method are much higher than those from
spectral synthesis. We have observed the same tendency through
the case of the RANDOMDEC method which yields a vibration
signature in the time domain. Such time domain signatures
are subsequently analyzed by way of logarithmic decrement.
One possible explanation of the discrepancy between results
obtained in these two methods is that in the time domain, the
signal is not truly monochromatic. In this regard, perhaps
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TO Lt. Mark Noll DATEI 9 FILE REF
Department of Transportation 1/23/7
U.S. Coast Guard

the test of a ship with zero surge would yield closer agree-
ment between the two approaches.

Based on the discussion presented above, it appears that the
spectral synthesis approach is more promising. In this regard,
the approximate shape of the wave energy spectrum should also
be accounted for as our analysis indicates that the omission
of this aspect leads to about 20% higher values for the damping
coefficient on the average.

I hope the preceding comments would provoke more subsequent
discussions on this subject. If you have any suggestions
or comments, please feel free to contact me.

Sincerely yours,

Encl. .Chen
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APPENDIX F

Power Spectral Densities submitted
by SIRC
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